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Ho. 5,531,741, issued Jan. 14, 1 997, describes 
3 qap fill preress 

using silicon oxide layers produced by combining 

c r q a n o s i 1 i c r n c om p o u n d s s u c h 

~s tot raethoxys ilane ( TEOS , also known as 

ret raethylorchosi 1 icat e ! with oxygen 

and/or ozone. The process can induce an optional source 
or" water, such as 

water vapor, hydrogen peroxide, or an alcohol that forms 
water when oxygenated . 

The gap fill layers are deposited subsequent to plasma 
enhanced deposition of a 

conformal layer from tne same components by turning off a 
power source used to 

r. zrrn a plasma . The p resence of water in r he reactor was 
removed to result in 

a slightly :nif. r ;ved trap fill prozess. 

E T . 3 . Pat. tlo. 5,610,105, issued :^ar . 11, 199 7 , describes 
an in te rmet a i 

itelectroc layer produced by low temperature PECVD of TEOS 
■ul d water, roil owed 

by annealing in an -:xygen atmosphere to densify the 
drelortnc layer. 

T.3. Pat. :ii. 5,710,0'<9, issued Jan. 20 , 1993 , describes 
a gap fill process 

usina silicon oxide layers produced by combining 
o r rarer si 1 icon romp rands such 

as TEOS with cz:ne and water usiua TV liohr ro deoomcose 

oe nomposit io n r: tne rzco 
oxygen that combines with 



07/17/2002, EAST version: 1.03.0002 



water to form peroxide. 

u.3. Pit. No. 5, o60, 646, issue;: Nov. 1, oieo c r : bes 

=1 jap> fill pr : cess 

using s olio on oxi:ro layers produced ; y c:uu: menu TEOS 
i:et.i: acid. Trie 

highly e le ut 2" : ne ga :. o ve oxygen in TEOS reaots with hydrogen 
from the acetic acio 

t :.) horm hydroxyl croups witnin tne depositee silicon oxide 
f:Im. 

Tne present invention provides a met nod and apparatus for 
an i f :. rml y ;lep>os 1 1 i no 

a silicon oxide layer having a low dielectric constant for 
ose as a gap fill 

layer, a ore-metal dielectric layer, an inter-metal 
dielectric layer, -or a 

shallow trench isolation dielectric layer in sub-micron 
devices. The method 

comprises reacting one or more siiioon compounds that 
contain carbon (i.e. , 

oroanO'S i 1. icon co»mr-ounds) v/ith a hydroxy! f c renin g compound 
at a sues orate 

temperature less than about 4tD. degree. 2. Tne 
o- rganos i 1 i con compounds 

preferably contain -one or more silicon-carbon bo-nds that 
remain in the 

dec : 5 i.ted dielectric layers after reaction with a hydroxyl 
f 0 rmi ng compO'Uhd 

suc.n as hydrogen peroxide or dimethyldioxirane . The 
n yd r ■:■ x y 1 f o r m i n g c -amp o a n d 

may be produced prior to, or during deposition, such as by 
oxidation -of water 

using ozone and UV light, by reaction of acetone ana 
p o t a s s 1 urn mo n o p e r o x y 

sulfate to form dimethyldioxirane, or by oxidation or an 
c rganic compound that 

f -arms nydroxyls, such as oxidate;: - : : f i cor r : py 1 a 1 c c h 0 1 
w:.th ozone or oxygen 00 

produce acetcre and hydrogen, no : x : .:• . In . 1 n , the 
hydrO'Xy 1 f c-rming 

compound could be an acio; such as acetic acid tnat provides 
hydro-gen that 

reacts with siloxane compounds to form hydroxyl groups, or 

^ ^ ^ : ~] 1 „ ,^ 

cx * . ^ w _ . 1 _x 1 _. ■ * . . ^ 1 ^ ^t. . i 

that reacts with water to form hydroxyl compounds . 
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The c>rganosilicon compounds that produce uniform, low k 
dielectric layers 

preferably include one or more silicon-hydrogen bonds such 
as mecnylsi lane , 

;:H . s _.o . -cH. o .no . 3 , dimet ny Is i lane , ( . s at) . 3 ) . sub . 2 
Sir! . s jo . 2 , 

!. r imer.ny 1 s i lane , : 2H . sab . o ) . sub . 3 3 i H , an d 
1, 1, 3, ; -tetramet hy 1 disil oxa.ue, 

c3H . sub . 3 i . sub . 1 --3iH--0--3iH-- ( OH . s ub . 3 ) . sub . 2 . 3ap fill 
layers can also be 

uni f ormi ly depos i teol f rom other c r ija.n os i 1 ic on c omoounds 
such as 

t. e t rame t riyls i. ane , ; 2H . s . : ) . s uc . o 3 : , an a 
tetraet hyl ort n osi] i o ate ( TEOS ' . 

Tne silicon c>xi :ie iaye.ro are cure d at lev; p res s,.re and nigh 
t emperat are :. : 

stabilize film properties such as moisture content . 

Tne presern invent ion proviaes a method and apparatus for 
^ni f o>rml y dep os i tine 

a silico.ro oxide layer having a low dielectric constant 
■ <ilt ;abvat A ) . The 

silicon oxide layer is produced by reacting an 
crganos 1 1 icon compound, such as 

an organO'S i lane or organos i loxane , with a hydroxyl forming 
co'mpc-und such as 

H.sub.2 0 . sub. 2 , dimethylcu-oxirane, acetic acid, or water 
at a substrate 

temperature less oh an a no ut 4 0 "J . oeoroo . 3. The silicon 
oxide layer can be used 

as a gap- fill layer, a p re -metal dielectric layer, an 
inter -metal aielect ric 

layer, ana a shallow trench isolation dielectric layer in 
so;: -micron devices . 

The silicon oxide layer is cured at temperatures less than 
an: at Sou . degree . 

0. to form a carbon (doped silicon oxide film. 

When a gap fill layer is deposited on a liner layer, the 
1 i ner layers are 

preferably prepared by oxidizing an c^rganc silicon 
comp ojnd, such as listed 

atove, with oxygen (O.sub.2) or oxygen containing compounds 
such as nitrous 

c-xide (N.sub.2 0) , ozone O . sub . 3 , or carbon dioxide 
(CO. sub. 2) , preferably 

O.sub.2 or N.sub.2 0, such tnat tne :n;o oonev .: to 
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deposited film is 

from about 1 to about 5 0% by atomi 
scout 5 to abrot 

The oxidize:; og5r.o =iiiz:n 
:-:-r.stant o f ab r un. ; . J 
and has exoeilent barrier proc-o: : 
silicon hyeii 

further rove hi on oxide :or.:er.: in 
:■: r.vert low k liieleotrio 

layers arrJ 2:0:1 adhesion pr:>per:ie 

■jxiuiziro compounds are preferably dissociated to increase 
re a ot i vi t y pr i : r t o 

entering a reaction chamber. F.F power :an also be coupled 
: :■ t he depos i t ion 

chamber to increase dissociation of the oxidizing 
rompcunds . The oxidizing 

compounds may also be dissociated in a remote microwave 
chamber or remote 

plasma chamber prior to entering the deposition chamber to 

:iissooi 3 1. i :o of the si liter, zcntaining :oto:o;3. 
Deposition of the silicon 

oxide layer can be continuous ■■: r ci scent into us . Although 
depos i t i on p re f e rabl y 

occurs in a single deposition chamber, the layer can be 
dep'Osited sequent ia 1 ly 

in two to more deposition chambers. Furthermore, F.F power 

o.lsed to reduce heating of the substrate and promote 
orator porosity in the 

deposited film. During deposition of the silicon oxide 

layer, the substrate is 

maintained at a temperature of from about -2 C. degree. C. 
to a tout 4 00 . degree . 

c., and preferably is maintained at a temperature of 
approximately -2 0 . degree. 
C. to 4 0. degree. 0. 

For the gap- fill layers, an :r:a:usn; 
de so ri bed above is 

oxidized during dec ts.i tier, by reaction 
f coming z:mpound suth as 
by reactioo with hydrogen peroxide (H. 
can be potducec in 

the reaction system by combining ozone 
■v H . sub .2 0) . sub . 2 



c weight, preferably from, 



uo .2 0 . sub . , , wn ic: 
10. sub. 3) and water 



07/17/2002, EAST Version: 1.03.0002 



preferably in the presence of UV light having a waveiengti 
:f about 15 4 
n a n ?■ me t e r s as d e s o r i b e il 
is ir.c : rp-: ra t ed oy 



herein), by reaction with an oxirane compound 
s aescrioed below, by c>xidatiori of an 
4 , 2C 2, 612 f whi oh is 



o a it 



or. tent tnat is 



a i me t h y 1 :i : ix i r a n e a 
rrganic ct'inpoun i as 
:ie s s r i oe 1 in d . S . E' a t . Ko 
i n i orporaied by reference 

herein), or by reaction with aoetic acid as described in 
d.S. Pat. I Jo . 

t,36C,646 (which is incorporao 
hyolroxyl i trmi n 3 
cmpiurds a re a 1 so pre f e ran 1 y 
iniir owave c h a mo e r . 
Preferably, the gap fili la ye: 
from about 1 to 

about 00 by atomic weight, mist preferably about : to 
ab out 3 0 ; . Dur i ng 

deposition of the gap- fill layer, the substrate is 
maintained at a temperature 

from aoout -c0. degree. C. to about 400. degree. C, and 

preferably a 

temperature frim about -20. degree. C. to about 40. degree. 
2. for 

o r ganos i 1 i con compounds cor. t a in i ng 3 i - - C bonds . After 
curing at a temperature 

greater than about 400. degree. C, the gap fill layer has 
a dielectric 

layers further have 

oood aoihes i -in rrooe r t ies . 



One suitable CVD reactor in which a method of the present 
invention can be 

carried out is shown in FIG. 2, which is a vertical, 
c ro ss-sect io-ri view of a 

parallel plate chemical vapor deposition reactor 10 having 
a nigh vaouum region 

15. Reactor 10 ooitcains a gas distr ibution manifold 11 for 
tii spe rsing o recess 

cases through perforated holes in the manifold to a 
substrate or wafer (not 

shown) that rests on a substrate support plate or sosceptor 
12 which is raised 

or lowered bv a lift motor 14. A 1 i du : d i :v ; est 1 on system 
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mot shown) , such as 

typically ased for liquid injection of TEOS , may also be 
provided for injecting 

a liquid o r ;an os 1 lane and/or o rgan os i ioxane comoooo;!. Tne 
pre f e r red 

0 r :r an os i I : o on o omp oun ds a re g ~ see . 

1 h e o >: i oi i z e :1 o r a n ■:> s i lan e or ore a r o s o 1 o o: .one 1 a ye r. o f o n >o 
p i' a s e n t i n vero i o n a n 

be useoi to replace silicon oxide 1 avers m most 

ape 1 i oat ions . An embo diment 

mat demons t rates the versatility of tne present invention 
is a three- layer cap 

rill proress as shown in FIG. 6 using the reactor of FIG. 
j. . refer i i ng to FIG. 

, a substrate is positioned 200 in the reactor 10 and an 
■oxidi zed organos i lane 

layer having a low dielectric constant is deposited 205 by 
a FECVD process from 

a plasma comprising an o rganos i lane compound and/ or an 
: rganos i lo xa ne compound, 

ana an oxidizing gas such as O.sub.2 cr N.soo.2 0. Tne 
deposition step 21: ran 

include a capacitively ccupleo plasma or corn an 
induct ive iy and a capacit ively 

coupled plasma in the chamber 1.5 according to methods known 
m the art . An 

inert gas such as helium is commonly used in the E'EOVD 
process to assist in 

plasma generation. A gap- fill layer is then deposited 2 10 
■on the liner layer 

:n accordance with the present invention, preferably by 
reacting an 

organos i lane or erganc s i loxane compound used to produce the 
liner layer with a 

ydroxyl forming ccmpcuro. The gap- fill layer is 

referable sel f -p-larariz ing, 
and preferably is hydrophobic after curing to remove water. 

A cap layer is 

then deposited .2 15 on the gap fill layer, \ : • : • ; .; . y us ; 
the same process f:r 

depositing the liner layer- . The substrate i= tnen removed 
22 0 from the reactor 
10 . 

Trimet hylsilane, ( CH . sub . : ) . sub . o 3iH, at So J seem 
I s o c r 0; p ■ / 1 Alcotoc , at 1 j j . 
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mg''min Ozone, O.sub.2 with 12 wt O . sub . 3 , at :: 1 1' 1- socio 
He lium, He, at 4 jl 0 

3 t r; rr L 

renting a silissn compound selected from a group 
consist in g ■: f me t hy 1 s i 1 ane , 

■:; imecny Is 1 1 are, : rime thy is ilane , and combinations thereof, 
a i t n a n y :i r : >: y 1 

firming compound produced from an oxidizing gas comprising 
oxyzren (Co sub. 2 ) and 

about 6-20 wt % of ozone ( O. sub . 3 ) to deposit a film 
compr is ing s i licon-carbon 

bonds on a patterned semiconductor substrate; and 

oeptsiting a first dielectric cor tempi 
cxygen, and carbon from 

pi o sess g a set compr i s ing t rime thy 1 s ilane 
f c rming compound 

produced from an oxidizing gas comprising 
and about 6-2 0 wt % 
of ozone (O . sub . 3 ) ; 



)xygen ( 0 . sub . 
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U3-PAT-NC : ol06078 

C'lCUMENT- IDENTIFIER: US 6106638 A 

TITLE: Method :f high density plasma CVD gap-filling 

p;v;p: 



Plasma enhanced chemical vapor deposition (PECVD) has been 
used for depositing 

intermetal dielectric layers at low temperatures in 
Integra te i circuit 

applications. A publication by M. Gross et al entitled 
" Si. 1 icon d i oxide t rench 

filling process in a radio-frequency hollow cathode 
reactor", J. Vac. Sci. 

Technol. B 11(2), March/April 1993, describes a process 
for void- free silicon 

dioxide filling of trenohes using a hollow cathode reactor 
wherein si lane gas 

is fed through a top target which supports a low frequency 
( 1 MHz; , low " 

pressure (.about. 0.1 Pa) oxygen and xenon discharge. In 
this process, high ion 

bombardment and a low rate of gas phase reasticn produce an 
i o>n i n iuced 

reaction with surface adsorbates, leading to directional 
cxi oe film growtri 

whereby trenches with one micron openings and aspect ratios 
up t 0 2 . S : l are 

filled at rates over 4 00 A/mi.n. 

A publication by P. Shu f f 1 ebot ham et al. entitled "Biased 
E lec t ron Cyclotron 

Resonance Chemical-Vapor reposition of Silicon Dioxide 
Inter-Metal Dielectric 

Thin Films, " Materials Scheme Forum Vol. 1^0-142 ( 2 9 9 3 "■ 
describes a 

lew-temperature single step gap-filled process for use :n 
int. er-meta 1 

dielectric !1MF; applications on wafers up to 2ZZ mot in 

diameter wnere m 

sub-O.o micron high aspect ratio gaps are filled with 
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Sio.sub.5. utilizing an 

incut.!' --Ar--3iH . sut . 4 gas mixture in a biased electron 
cycl : tie n res ma nee 

p 1. iST.a-er.har: oes chemieal-vapa r deocsit ion ■ FCR-3V5o syste: 

That single step 
pn:oess repiaiea sequential gap-filling and pi anariza t ion 

;:i-.suh.l was subjected plasma etch-back steps, such 
i-r inn ique be in g 

unsuitable for gap widths below 0.5 microns and aspect 
r -it ios ( gap 

hei gnt : width ) above 1.5:1. 

Microwave energy represented liy arrow 14 travels through 



and enters the plasma generating chamber 3, the walls of 
which are water ccoded 

by water supply conduit 17. Electromagnetic coils 1: below 
sacs t rate holder 7 

are used fo-r shaping the magnetic field in the vicinity of 
the substrate 6. A 

05 power source 1? provides power to the substrate holder 7 
f ,i r 

e : e it res tat ica 1 1 y clamping substrate 6 . 

In order to: provide a vacuum in chamber 21, a turbo pump is 
connected to outlet 

port 30 and a pressure control valve can be used to 
maintain the desired vacuum 

pressure. Reactants such as an oxygen-containing reactant 
(e.g. , oxygen ) and a 

silicon-containing reactant 'e.g., silane) can be supplied 
into- the chamber by 

C":ndui:s 31, 31 wnich feed the reactant oases to a oas 
:ii s r r i;iuo ion ring 

extend in g ariunii the undersi do of dielectric window 33 or 

t ;": e rea ;:a n t s o a n b e 

supplied thro- ugh a dielectric shower he ad window. A TCP 
on! 34 located outside 

the cnamber in the vicinity of the window is supplied F.F 
p . we r n y RF s o .; roe 1 5 

and associated circuitry 56 for imp-edance matching, etc. 
When a substrata ^s 

processed in the chamber, the RF source 35 supplies the TCP 

c . i 1 5 4 with RF 

current at 1 :■ . r 5 MHz and the F.F source 26 supplies the 
lower electrode with F.F 
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current at 4 13 kHz . 

Film 3 1 oi chiometry determines many important film 
properties sjcn as stress, OH 

content, refractive index, dielectric constant, breakdown 
v: Ita >e, densi: y, 

etc. The film s coicn lomecry depends on one relative 
r : n central i ins ■ f oxygen 

i:ns anoi the adsorb e:l SiH.sub.x species : o • : :h; r 

film ori'A'th. In 

practice, the O.sub.i :c SiH.sub.l gas flow ratio is the 
most direct external 

control of this ratii. For instance, as the O.sub.2 
'.: oH.su);. A ratio: 

in cresses, CM ::ntent increases ana refractive index 
de :reases . The optimum 

reaction: for stoichiometric SiO.sub.2 is represented by the 
react ion 0 . sub . 1 

+SiH.sub.J . fwdarw. SiO. sub. 2 +2H.sub.2, which results in 
minimal 3:--OH an.i 

Si--H incorporation in the film. Lowering the O.sub.2 
/SiH.sub. 4 ratio- oelo>w 

unity scarves the reaction of oxygen, and excess silicon 
begins to appear in 

the oxide. Wafer temperature can also affect properties 
normally cent r oiled 

through trie film s to l chio>net r y . For instance, reduoeo 

stress can be o b t a i ne d 

at; lower wafer temperatures. 

uniformity o=f . 1 1. creq . 1 . *: ■ , deposition rate of 53C0 
. Alio . /mir/, breakdown 

strength of . atoreq.c MV/cm, dielectric constant of 
4. . . 4 I.e. 1, stress 

o: jmpressivo; f 100. -r-. 50 MPa, refractive index at 6328 

- . -1 : : j . + - . I 1 . 0 1 5 , OH crntent of .ltoreq.0.5 atomic %, H.sub.2 
0 ■:;o i n tent of be bow 

its detection limit and particulate density of . ltoreq.0.3 
cm . sup . -2 . 

The cap'-riil pro cess 
c o r r i e zi out c i t r 
the apparatus sr. own 
ch limber- can compr . se 
short cylindrical va 
mounted turbo mole on 
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purrp cr:o T idirg a pumping speed of approximately 550 
liters ''so- jn"j . The O.sab.l 

and Sid. sub. 4 reactart gases can be mtriduced through 
sec ; : ra te gas rings 

Iicated a*... the outer edge if the TCP window. Plasma can be 
generate :i using a 

Tlr scarce consisting of a spiral coil operated at 13.56 



couple ?F power into the p.asrra inductive Ly tnrouah a 
dielectric w i :i d : w , 

gener 2 1 i r. g h oLan^r, high density plasrra ;.i : i pressures. 
Wafers can ;ie 

nio-chanici: 1 ly ilamced at their outside edge onto an aluminum 
e] ectrodo located" 

11 cm from the Id F wmd;w. The temperature of the 
eiootrc-de -can be maintained 

a + . iO. degree. C. and wafer temperature control can be 
a v : vmpl ished thieougoi the 

eopi ica t : : :i if static He pressure to the backside of the 
wafer. A large DC 

sheath v linage above the surface of the wafer can be 
pivvided by supplying RF 
power to the electrode. 

The use of TCP-CVD for depositing high-quality 3iO.sub.II 
l n t. e r -me i a 1 dielectric 

■■ I MP ) in sub-half micron, nigh aspect ratio aaps involves 
si ml t jne "-us 

dep: s iti •: n anl sputtering of SiC . sub . 1 . The e s u 1 1 a n t 
i u i s o t r it : c deposition 

fills -gaps f r m m the bottom-up ana the angular dependence of 
the spot term g 

yield also prevents the tops of the gaps from pinching off 
■during deposition . 

Tp-'ittermo is produced thrcugh tine application of a large 
F\F f i -x s t : t he w a f e r . 

The bias piwor (determines the sheath voltage above the 
wa for ess en t lal ly 

independent ly of plasma generation. High bias powers 
generate large s n e a t h 

voltages, and thus energetic ion bombardment of the wafer 
surrace. In absence 

or an ~F bios, t ue film quality and oar- f i ; 1 : n :: r • : : 
ai e po '1 a..e no o 

is '/erv r mois and 



ts t irmmu aoove rreta^. ur.es sraac 
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;: : t toms f rem 

:iep ositi ;n and eventually 



PIC. 5 stows an illustration of a deliberately layered 
-op - fill pu ocess c f 

0 i : \ . sub . 1 m a ;:ap 38 f : rme d by Al lines 40 and wherein 
Oi-rioh layers 42 are 

t: ! c :;uced by reducing the C.sub.2 flow by 5 0 r for 2 sesonds 
>" t irp.es dur in j the 

reposition. As is clearly evident, the process results in 
"ery low side wall 

deposition , bottom-up progression of the fill, and roughly 
4 3 . degree . facets 

characterist io --f sputtering. This tender.:-;/ of t:;e 

hys ica 1 sp ut te i ong vie L d 
to maximize at 45. decree. of: normal is beneficial for sub 
0 .5 . mu . m 

gap-filling because it prevents voids by preferentially 
r ems- v i n g the shoulders 

with minimal impact in the deposition rate on horizontal 
.7 r : aces . 

r.^eotron cyclotron resonance plasma chemical vapor 
deposition (ETR-CVD) and 

transformer coupled plasma CVE : (TCP-CVD) systems can be 
used to target the next 

generation lntermetai dielectric (IMD) deposition market. 
TCP can oe no rate a 

h igh dens it y p 1 as ma ■ & gt ; 1 . t in.es . 10 . sup. 11 ions ; cm . sup . 3 ; 
one sustain i 4 : even 

at a very Low pressure ;c;It;lC mTcrr) . The advantages of 
high density F'ECVD 

such as TTF-CVC include increased throughput, urufcrn ion 
and radical densities 

v r er large areas, and subsequent manuf acturabil _ ty of 
:■: ;o ^ed-up- rea it : rs . When 

.: ompCement eo with a separate F.F biasing of the substrate 
e tit rode , TCP-CVD 

systems also ;C: :>w independent control of ion bombardment 
eneroy an.i provide an 

a";:Ltional oeuree of freedom to manipulate the plasma 
civ.'pos 1 1 i- >n p-ro cess . 

!r. the E/C-tVP or TCF 1 systems, film growth occurs by an 
.: n- act i vat e d reaction 

retween oxygen speoies impinging onto the wafer from : he 
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plasma source and 

silane fragments adsorbed on the wafer. Using ECR/TCP-CVD, 
sub -0.5 .mu.m, high 

aspect ratio gaps can be filled with superb quality 
SiO.sub.2 dielectric on 

diameter wafers. In essence, the ECR/TCP-CYc system 
provides a manuf acturabie 

intermetal dielectric CVC process tnat o nigr 

density plasmas. 
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US- PAT-NO: 613 415 8 

F ~ FFMENT - 1 l M K T I FIEF'. : US 5164158 31 
TITLE: Inductively coupled plasma CVD 

KWIC 

A method of depositing a dielectric film on a substrate in 
a pre cess chamber of 

a:: inductively coupled plasma-enhanced chemical vapor 
deposition reactor. 3ap 

filling between electrically conductive lines on a 
semico.odu ct or codes crate and 

dep:siting a cap layer are achieved. Films caving 
s i g n i f i c a n 1 1 y imp rv/ei 

physical characteristics inducing reduced film stress are 
produced icy neat ing 

the substrate holder on which the substrate is positioned 
en the process 
ch.ir.k e r . 

The present invention relates to a method 
hi 7h -density 

pi asma-enhancod chemical vapor deposit i ;>n 
and dielectric 

films and more particularly to techniques 
such films into high 

aspect ratio gaps on semiconductor soovr 
si ! icon wafers having 
me" al inter o onneot ..on layers . 

Plasma-enhanced chemical vapor deposition (PECVD) has been 
used for depos iting 

irvermetal dielectric layers at low temperatures in 
on* e :j rated cirvviit 

appl Lea t i ens . A publication by M. Gross et al. entitled 
"F . no n dvoxde 

t r-oooi fill:nc orocess in a radic -frequency hollow cathode 
re, ct or", F. 

So:. Tecr.r.oi. B 11(2;, March/ April 13d, describes a 
process for void-free 

silicon dioxiae filling of trenches using a hollow cathode 



and apparatus for 
of semi conduct ing 
for deposit ing 
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r e a c t : r wh ere; n 

silan-r gas is :"ei through a top target which supports a low 
f re quen oy 1 MHz ) , 

low pressure ( . a:: : ut . I' . 2 Pa) oxygen and xenon discharge. 
In this proorss, nigh 

i:n b : mr a r :iment and a low rate of eras chase rea::::r. 
produce an ion inouce: 

- e o tt i : n w i on s art ace aos c rb ace s , lea :i r. .: o : ;;;re: o ; r n a ~ 
t" x i. de :" i Lm g r owe n 

wnereby trenches with one merer openonos ano aspect ra::os 
up to 1 . o : 1 are 

■ llled at rates ever 400 .ANI-l. /mm. 

A p ublicat :■: n by P. Shuf f let otham et al. entitled "Biased 
Fle-t r,-. r Cyclotron 

Feso>nau:e Cnemi ca 1 -Vapor Deposition of Silicon Dioxide 
I n t e r - M e t a 1 Dielectric 

Thin Films," Materials Science Forum Vol . 140-142 (1993) 
ae scribes a 

low-tenner at ure single step gap-filled process for use in 
inter-metal 

dielectric :i:tP: applicat i ens :n wafers up to 200 mm in 
diameter wherein sub 

-0.5 micron high aspect ratio ?aps are filieo. with 
;?.i.O. sub. 2 utilizing an 

O.sub.2 --Ar--5iH . sub . 4 gas mixture in a biased electron 
oy ol ot r en res man oe 

plasma -e:ih a noes Chemical- vapor deposition ( r]CR-C7D ) syso em . 

That single hep 
j: r o cess rer la mod sequential gap- filling and planarization 
st o-ps who rem CVL' 

SiO'.suc.l was subjected to plasma etch-back steps, such 
t e ohm :]ue oei n g 

unsuitable for gap widths below 0.5 microns and aspect 
r a 1 1 o s i g a p 

hoi ant :w:itn) above 1 . : : 1 . 

Prior art .if pa rat uses suffer from several serious 
disadvantages with respect to 

IMD app 1 : c h t iooos . ECF. and hel.^ccn sources which rel v on 
cygnet:.-: fields are 

complex a no expensive. Moreover, maanet ic fields have v. 
impl ica * -..-d to z ^use 

damage t _> semio: ond ic:or device:-: on the water. '■/. 't , - : 

and he.::, ca: 

resonat ;r sources also generate plasmas remotelv from the 
wafer, ma kino it very 
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■difficult t :• v. r:du re uniform and hi ah aual : t v f i 1 ms az :r.e 
same time and als: 

difficult to perform in-situ plasma cleans necessary to 
-:e ep p a r t 1 c ..; 1 a c e s under 

control witrout additional eauicmenc. Furthermore, ECR, 
helicrn ana helical 

resonate r , an-;; liomed induct ively- oo>upled plasma systems 
re qui re la r -;e , :omplex 

dielectric vacuum vessels. As a corollary scale-up is 

difficult and iu-s:tu 

plasma cleaning is time consuming. 

The present invention is directed to* processes that employ 
an inductively 

coupled plasma-enhar.ee d chemical vapor oepos iticn ; 1C 
lECVD: high density 

plasma system . The system, is compact, in- si': u oieariable 
and produ ces h ivjh 

quality semiconductor and dielectric films. 

In one aspect, the invention is directed to a method fcr 
rilling 'gaps between 

electrically conductive lines on a semiconductor substrate 
comprising the sters 

of: pr jviding a substrate in a process chamber of an 
inductively coup Led 

plasma-enhanced chemical vapor deposition reactor which can 
include a 

substantially planar j induction coil; introducing a process 
q a s w n i c n c a n 

include a noble -gas into the process chamber wherein the 
amount of noble eras is 

sufficient to assist in gap filling; ana ore vol no a 
dielectric film on the 

substrate with dielectric film be: n a depos ..ted in caps 

be owe en ele c t r i ca 1 1 y 

conduct: ve lines on tue suostiaie . 

In another aspect, the invention is directed to a method 
f : r f i 11 : no caps 

between olectricoily conductive lines on a semiconductor 
s u b s t r : t e c 'imp rising 

the steps of: providing a substrate in a process chamber of 
an 1 no .ict 1 ve i.y 

coupled plasma-enhanced chemical vapor deposit icon reactor 
which can include a 

substantially planar induction coil; fillinc aaos between 
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electrically 

conductive lines on the substrate by: (i) introducing a 
rirst process ;jas which 

lan include- a noble gas into the process chamber wherein 
\ he amount :: f hi ode 

:i3s is su f f i ciou.c to assist in cap filling; ano (ii; 
.^ro.vmg a firs: dielectric 

film in the gaps a: a first deposition rate; and dercsitoo 
=1 capping layer 

comprising a second dielectric film onto the surface of 
s a : a f L r s r dielectric 

film by introducing a second process oas into the process 
■01 amber , said oa oping 

layer being detcsiced at a second deposition rate that is 
nigher than tne first 
oeposit ion rate . 

in o further aspect, the invention is directed to a method 
■if depositing a 

dielectric film on a substrate comprising the steps of: 
providing a subs t rate 

in ii process chamber of an inductively coupled 
plasma-enhanced chemica 1 vapor 

deposition reactor wherein the substrate is positioned on a 
subs t rate holder ; 

introducing a process gas which can include a noble gas 
mt o the pro cess 

chamber, wherein the amount of noble too is sufficient to 
a s s ist i n dec :> s i : i rig 

the dielectric inilm; controlling the temperature on a 
our face of the substrate 

holder; and e:\ergioing the process gas into a plasma state 
by i n duct i vei y 

cmc ling RF energy into the process chamber and growing a 
dielectric f i 1 m o n 
the substrate . 

In order to provide a vacuum in chamber 21, a turbo 
connected to cooler 

pert 30 and a pressure control valve can be used to 
maintain the cos: reel vacuo 

pressure. Process gases can be supplieo : o : one o 
by conduits I- I , ~ 2 

v;hi cn feed the reactant cases to cas distribuoion r 
o-otendinc around the 

underside of dielectric vrinooc 11 or ore or, cess era 

be cipplied tnrruah 



pump is 
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a dielectric shawerhead window. An e:<:e::'.al T3? • : ; 
l:aated autside tne 

cr.amker in the vie in icy of tne ••; . ns v is sues lieu w i ~ : 33 
pcwei by RF s ;er:e 3: 

and associate:! circuitry 36 for impedance matehina, etc. As 
15 apparent, r . he 

external. i:u;:tiei c:il is substantially planar and 
generally tampr: ses a 

■e:i?la nd it:, i ve element formed inc.: a planar spiral or a 

fines. The planar configuration allows the coil to be 
readily scaleo-up by 

enc 1 :y i.ng a longer ccnauctive element to increase the coil 
:iiamet er a no 

therefore acccmnoda te larger' substrates or multiple coil 
ar r angement s could be 

used to generate a uniform plasma over a wide area. When a 
substrate ^s 

processed in the chamber, the FF source 35 supplies the 
com! 34 with FF current. 

preferably at a range of about 10G kHz -2" MHz, and more 
preferably at 1 : . 36 :tH;.: 

an;: the FF saurae 36 suppLies the lower electrode with F.F 
current preferably at 

a range of about 100 kHz-27 MHz , and more orererably at 400 
kHz, 4 MHz or 13.56 

•■'Air. A .large DC sheath voltage above the surface of a 
substrate can be 

prtviied by supplying FF power to the electrode. 

FF bias is applied to the substrate to generate ion 
oombardment of the '.growing 

film during the gap filling step. The RF frequency can be 
anything above the 

••'a .: ue necessary t " sastain a stead" state sno.vet, w : . : • • . :s 

tew hundred kHz. 
3 a;: s t rate c : as has numerous bereoo::^! ei tests an film 
prtporties, ar. :1 can also 

be used t :■ simultaneously sputter the: growing film in the 
oap-fill step. This 

allows narrow, high aspect rati:- gaps to be rapidly filled 
with high qua] i t y 

dielectric . ?F bias san be used during the cap layer 
cepes . t i r step. 

Tne deposition of SiO.sub.3 intt sub-0.5 micron high aspect 
ratio gaps by the 



07/17/2002, EAST version: 1.03.0002 



inventive process involves the simultaneous deposition and 
sputtering :. f 

Si I 1 , sub. 2. The resultant anisotropic deposition fills (gaps 
from t he bottom-up 

an?, the angular dependence of the sputtering yield also 
prevents the tops of 

the gaps from pinrhing cff during deposition . An important 
feature of most 

hi gn density plasma systems is that the bias power 
determines the sheath 

voltage abi'/e the wafer essentially independently of cidsna 
■generation . High 

bias powers generate iarge sheath voltages, and thus 
e n e r g e t i c i o n tomb a r i^en t 

of the wafer surface. In the absence c: an RF bias, the 
:i .it quality and 

gap—filling per f c rmance tend to be poor due to a jagged 
appearance of the 

sroewall film, suggesting that it is very porous and heavy 
oep os it s forming 

above metal lines shadow the trench bottoms from deposition 
and eventua 1 ly 

pinch-off the gap, leaving a void. 

In I CP systems, SiO.sub.2 film growth occurs by an 
i on-a stivated reaction 

between oxygen species impinging onto trie wafer f r cm the 
plasma source and 

silane fragments adsorbed on the wafer. tsiriq ICP-CVO, 
suo-0 .5 . mu . m, h igh 

aspect rati:- gaps can be filled with high quality SiO.sub.2 
dielectric on ■£ in. 

-.10.31 cm) diameter wafers. In essence, the ICP-CVD system 
provides a 

mauuf acturaole mtermetal dielectric CVD process that 

ut ill ces high dens i t y 

Plasmas. 

It has oeen demonstrated that for high density PECVh, 
improved depo s l tin n rate 

and uniformity can be achieved by employing a qas 
distribution system which 

provides uniform, high flow rate deliverv . ; : ■ ■ ; -\ onsen 
o n 1 1 t n e s o. b s *; r a t e 

surface, to b otn increase tne oh * : u ; • • and o 

minimize the chamoer 

cleaning requirements. A suitable cas distribution svstem 
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is disclosed in 

co-pending application Ser. Nc. " - ■ , \ : . , filed : n fen. 
?.-, 19 9 6, entitled 

"if IU3FD ANE THERMALLY LOLTRCLLff HAfTA if f / ; f f e v f"fy 

a::: mstkil fcf high 

LFI'flTY r LAS MA InFMIfAl VAPOR LEPC3 IT I Of; OF DIELECTRIC 
V'l If !S , M oy Br 1 an 

McMillin et al . , which application is incorporated herein. 

The system further includes an antenna 15 J, such as the 
p: i: r.ar multiturr. ceil 

shown in FIG. 4, a non-olanar multiturn coil, or an antenna 
hiving another 

shape, powered by 3 suitable RF source and suitable P F 
impedance mac enmg 

circuitry inductively couples PF energy intc the chamber to 
provide a high 

density plasma. The chamber may include a suitable vacuum 
pump ong apparatus 

for maintaining the interior of tee c. e .; •• : ao a desired 
pressure . A 

dielectric win-dew, suoh as the planar dielectric window 155 

o f uni form 

thickness shown m FIG. 4, or a non-planar dielectric 
wonrlow, is provided 

between the antenna 150 and the interior of the processing 

cuamoer 14 0 and 

f :rms the vaouom wall at the top of the processing chamber. 

A primary gas ring 170 is provided below the dielectric 

window 15 5. The gas 

ring 170 may be mechanically attached to the chamber 
housing above the 

substrate. The gas ring 170 may ee made of, for example, 
aluminum oi: anodized 
a I urn i num . 

A secondary gas ring 160 may also oe provided below One 
dielectric w i n d o w 15 5. 

One or more oases such as Ar and ^.seb.f are delivered into 
tee onamber 145 

tr: rough outlets in the secondary gas ring 160. Any 
suitable gas ring may be 

used as the secondary gas ring 1(50. The secondary gas ring 
1 0 I may be located 

aioo^e the _jas ring 17 0, separated by an optional spacer 165 
formed of aluminum 
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or an j ji zed aluminum, as shown in FI3. h. 

Alternatively, although not shown, the secondary gas ring 
1T0 may be located 

belcw the gas ring 170, in between the gas ring 170 and the 
substrate 111, or 

rue secondary gas ring- 103 may be located below the 
s ;hstrate ;ir and oriented 

t :■ inject jus vertically from the chamber floor. Yet 
a n o t n e r alternative : s 

that the Ar and O.sub.2 may be supplied through cutlers 
connected to the 

chamber fiooc, with the spacer 105 separating the 
dielectric w i n d ■: w 1 0 o a n a t. n e 

or irary gas lirg 170 . 

Another gas injection system that car: te used employs a 
plurali t y o f in j ectors 

as illustrated in FIG. 5. In thus embodiment, the orifice 
lt 7 A is rriented to 

introduce the gas along an axis of injection (designated 
"A") m a direction 

pcmting away from the wafer 120A (and coward the 
dielectric window) . The 

angle or axis of injection may be along the axis of the 
in; e - 1 or ( designated 

"B") or, alternative 1 y, at an ancle of up ~ o about ^ 

de g r e e s o r h i g ri o r w 1 1 h 

respect to the axis of trie in~' ector. In this 
configuration, the axis of 

injection may range from about 5 to <9C degrees, 
preferably about 15 to 7 5 

degrees, and most preferably, about 15 to 4 5 degrees from 
the plane of the 

s oust rate. This design retains the feat ore that the 
or ■■ ress ;ras is f: cased 

a;: o/e the wafer' which leads to- high deposition rates and 
good uniformity, and 

further provides the advantage of reduced susceptibility to 
or; f ice clcgq ing . 

The reduced potential of the orifice clogging thus allows 
more wafers to- be 

processed before injoo:tor cleanrno is reuarr-ti, which 
ultimately imcreves one 
warer prooessiro throuuhcut. 



The IT PECVD svstem generates 



* e s ^ u ^ ^ 
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plasma in a pr:-:ess 

gas comprising comp rments that form the se - i oo r. ou :t : r. a ; r 
dielectric , aro rap 

film.s. The ir.v-r.tl ve process is u.o ; . • ; ; . • - : , - : 

an v suitable 

semiconducting, dielectric and/or cap film including, for 

0 x =1 m p 1 e , u y d r <:■ 3 e n a t e d 

anorpoicus siliczr. 2i.:H, silicon oxide SiO.sub.x, where x is 

1 . to 2.*, sill con 

n-tride, 5 ill, silicon c xy f lu or i je , SiO.sub.x F.sub.y where 

is 1 . : to 2 . f and 
V 1 - - to 11, arid mixtures thereof. It is understood that 
both stoi ehiomet ric 

and non-stoi chiometric compounds can be deposited and the 
values -of x and y can 

be controlled by regulating the process parameters such as, 
for ex amp le, the 

choice of reactant gases and their relative flow rates. It 
is e x p e c t e d t h a t 

inorganic and organic polymers ran also be deposited. h 
preferred dielectric 

— ■-' -cip film co-mp rises 2 iCu sub . I . While the invention will 
be illustrated by 

describing the deposition of SiO.sub.2, it is understood 
that the 1 nvon t ion is 
applicable to other films. 

The components of the process gas will depend on the 
s em 1 r 0 n :i u c 0 : n g a r, d /' o r 

dielectric film to be deposited. With respect to 
s 1 ! io on-cooit a mi ng f i 1ms the 

prrcess gas can comprise, for example, silane (SiH.sub.4), 
tetraethylor thos : locate ( TEOS) , 

1,3,5, 7- tet ramethylcyclotetrasilcoiane (TtllTS ; , 

d is i lane (31. sub .1 H . sub . 0 ) or other' sill con - con tain i no 

organ omet a 1 1 10 gases. 

Xe, and moo: turns 

thereof t~ rc :v. r : 1 plasma properties or scut te r i na rates 
par tic ul a roup dur m g 

the gap fiiiina step- prior to depositing the cap layer. To 
in r crpooi ate 

n on-s i 1 i con comp-.-nents into the film, the process gas may 
include a reactant. 

?3 C ; : uch as, for example, H.sub.2, O.sub.2, II. sub. 2, 
NH . sub . 3 , ilP. sub . 1 , 

N.sub.2 1, HI arc mixtures thereof. Reactant gases may 
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also comprise boron 

and' or phosphorous erntaining gases to produce 
i: : ro-chosch: -so aca: e glass 

3), 1: : r o-si: icate glass ( BSG ) , ana p hosphc -silicate gas 
:.:G) f i l;r..s . 

^re rTIF speo-cra, sh:w T n in FI3. 2, illustrate the relevance 
of reactions I and 

II. At low F, Fi--1H and Si--HOH abscrrance bands were 
: nserveci, tut not f r 

F:.--H. At high ? , there was no ::ooecO:;i:o- 0 ; -- 3, ; : ■ \ • : . 
3i--H arc suh-oxiie 

ioi.sub.l C.sub.3; Si-- j bands were preset:. At 
intermediate R, past or. the 

0.sub.2 -rich side or the critical range, there appears to 
;oe minimal Si--C : H 

zr.zl Si--H inco>r roor at ion. The intermediate R range is 
optimum for a oh rev mo the 

>"3me:l dielectric constant. The refractive index can also 
re useoi os a ::au::e 

l: : r the pref erred operating conditions sinoe refractive 
indices between 1 . 4 tf 

and 1.460 correspond to films having good dielectric 

constant s . 

The SEl".s shown in FIGS. 3A, 3B, 3C, and 3D show examples cf 
0: :i a no bao 

Gap-fi:. 1 ty MP-; VP. r : a . 3 A s rones a po-t.oe; Ah 
attempted with no- bi.-is 

power. The porous film morphology and the "fareadioaf " 
appearance of tne film 

can oe seen at the t;p of the lone. Thus eventually closes 
over to leave a 

void like that shown in FIG. 3B. Tnese are also tne 
s f : ruotures that are 

pyeterero. lal ly sputtered away, since tne sputtering yield 
is a maxirurr. at 

4:. degree.. FIG. IB gives an example of unsuccessful fill 
where oias power was 

used, but the E-'P was too low for the gap. Note that the 
brea :11c aves c'l ose i 

early in the process, leaving a large, deep gap. In FIG. 
3C a tiny void fo-rmed 

just before the -jap filled can be seen next ^o an - v.: . ... 
loenticol gap tlno: 

1 a ve r i n a was j o n - 
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deliberately by depositing a thin Si-rich layer 
periodically ar.d decorating the 

sample with the appropriate stain to nrmo r one 
c imp i;; s 1 t i c n c : n t r a s t . T h i s 

clearly shows how the gap fills trim the bottom up, wit:. 
1 i 1. 1 e s ioewa . 1 growth 

c:mcarea to tnat cn horizontal surfaces. Tne 4 5. decree. 
: - to is for me o a): ive 

the lines by sputtering are alsi clearly visible. FIG. 3D 
ow a moderate 

cess ( 1 C 0 seen Ar) completely filled an aggressive 
his shows that 
can fill aggressive structures. 



shtws r, 
E/l rr 
gap-.'" T 



gr:wing a dielectric film by FECVD on the substrate, 
w h e r e i n the dielectric 

film fills substantially the gaps between electrically 
conductive lines on the 

substrate and wherein the gaps have a diameter of less than 
1 . •; . mu . m . 

I:. The method of tlai.m 1, wherein the dielectric film 

comprises silicon 



lo. The method of claim 1 wherein the dielectric film 
comprises Situ sub. 1. 

Tne method of claim 1, wherein the process gas 
includes a silicon and 

fluorine-containing reactants and the dielectric film 
c c-np rises silicon 
oxy fluoride . 

If. The method of claim 1, wherein the aas mixture 
mcLudes a 

nitrogen-containing gas and tne dielectric : : . ::. comer.; ses 
silo c o n ■: x vn i t r i d e . 



filling gaps between e]eciri:5_v conauetive line; 



sjiostrate oy FECVD by 

introducing a first process gas comprising a noble gas and 



Growing a first 

dielectric film in the gaps at a first deposition rate; 
an d 

after filling a major portion or substantially all of the 
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earh gap with the 

:irst dielectric film, depositing by PECVD a capping layer 
• jcp r.i sin 7 a se:onj 

dielectric film onto the surface of said first dielectric 
- i lit 1: y mt r ::i:in j a 

secono process gas comprising a noble gas into the process 
chamber, said layer 

remg deposited at a second deposition rate that is higher 
'..nan the first 

deposition rate wherein the gaps have a diameter of less 
: nan 0 . 1 . mi; . rn . 



14. The method cf claim 23, wherein the dielectric rilm 

ctnp rises sil icon 

oxide, the first and second process gases including a 
s:li. ton react ant and an 

"■xygen reactant, the sect nil process gas containing hiaher 
amounts if the 

: - : -- :: ' ri ^ r --3 oxygen reactants than the first process gas. 

-"• The rreth:>d of claim 23, wherein the dielectric film 

romp rises sil icon 

oxide, and the first process gas includes a higher amount 
or" the noble gas than 
uhe second process gas. 

1"?. A method of depositing a dielectric film substrate 

comprising the steps 



energizing the pccess gas into a plasma state by 
inductively coupling RF 

energy into the process chamber and growing a dielectric 
film on the substrate 

ty PECVD the dielectric film being deposited in gaps 
ir-twoen electri sally 

conductive lines on the substrate wherein the gaps have a 
ro.ametei of loss than 

.mu.m and the dielectric film substantially fills the 
^aps. 

4.. The method of claim 37, wherein the dielectric film 
comprises sil icon 
c :-:ide. 

^- The motnod :f :laim v::,; ; • ; :. * dielectric : ; . o 

o .ot rises OiC.suo.l. 
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43. The method ■: f claim 37, wherein the crocess gas 
includes a sili:;n and 

fl uo rine-c :nt fining reactants and + :ne dielectric : ; .1 ; 

romc rises siiicoo: 



44. Tne method :>f claim 29, wherein the gas mixture 
:n:ludes a 

nitrogen-containing gas and the dielectric film comprises 
i?i Li con c>: '/nitride. 
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DTCUMENT-IDENTIFIER: US 6211040 Bl 

TITLE: Two-step, low argon, HDP OVD oxide deposition 
process 



KWIT 



A method for depositing silicon = 
has oeen achieved. 

The method may be applied iritermetal dielectrics, 
inter level dielectric , or 

shallow trench isolations. This method prevents dielectric 
vo ids, co r nor 

clipping, 2nd plasma induced damage in very small feature 
appl icat i ons . 

Features, such as conductive traces, are provided overlying 
a semiconductor 

substrate where the spaces between the features form gaps. 
A silicon a i ox ice 

liner layer is deposited overlying the features and lining 
tne gaps, yet 

leaving one gap-s open. Tne silic:er, diexioe liner layer 
deposit ir. ? step* is by 

nigh density plasma, cnemical vapor deposi:ion (HDF CVOy 
using a gas mixture 

comp- rising silane, oxygen, and argon. The argon gas 
pressure, c h amber 

pressure, and the splutter rf energy are kept Low. A 
silicon dioxide gap- 
filling layer is deposited overlying the silicon dioxide 
inner layer to fill 

the gaps, and the integrated circuit device is completed. 
The- silicon dioxide 

gap filling layer depositing step- is by high density 
P'.l a sma , chemioa 1 vapor 

oep-osition (HDE C7ji using a gas mixture -comprising silane, 
oxygen, and argon. 

The argon gas pressure and chamber pressure are kept low 
while the sputter rf 
enerav is increased. 
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In HDP CVD, a traditional CVD process for depositing 
silicon dioxide is 

combined with a simultaneous sputter: no r r ' As * : . • • 

silicon dioxide layer 

:s deposited, it is also spluttered, 01 e::ro:i cy the 
nign-oensity plasma. 3y 

combining cjtr. a deposition and an etching action in the 
s^e p r c sees, 3 very 

:lense ana uign quality silicon dioxide layer may be farmed. 

In add i tic::, since 
the etching component can be anisotropically controlled, 
tun at is, tan etch in 

specific directions, the HE>P CVD offers a significant 
a avautage for deposition 

it silicon dioxide inside gaps or trenches. The etching 
c cmoone n t can reduce 

the deposition rate on vertical sidewalls such that the gap 
can be filled from 

the bottom up without the top of the gap closing or 
p- inching off. This 

p. re vents the f urination if void s or ceyno-.es in the s: Li con 
di-:xi.de layer . 

As shown in the preferred embodiment, the present invention 
provides a very 

manu f act u rable process for depositing silicon dioxide 
cerween features in the 

manufacture of integrated circuit devices. The unique two 
step process makes 

possible the deposition of silicon dioxide dielectric 
layers between even very 

closely spaced features while preventing the adverse 
effects of void formation, 

corner clipping, and p-lasma induced damage. 
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